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FGD1 and CDC42 are upstream activators of MLK3. (A) FGD1 and MLK3 expression were examined by immunostaining of adjacent serial 
sections of proximal tibia and calvaria from 5-day-old mice. Original magnification, ×100. (B) Activation of MLK3 was assessed by blotting for 
phospho-T277/S281 MLK3 after transfection of 293T cells with constructs encoding proteins as indicated. (C) Coimmunoprecipitation experi-
ments were conducted in 293T cells transfected with FGD1 and MLK3 expression constructs. MLK3 was immunoprecipitated from cell lysates 
with anti-MLK3 antibody, followed by Western blot analysis with anti-FGD1 antibody. KD, kinase-dead. (D) Activation of MLK3 was assessed as 
in B following transfection of different FGD1 mutants.
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FGD1, CDC42, and MLK3 collaborate to drive Runx2 phosphorylation and activation. (A and B) MLK3 expression increases Runx2 activity, as 
measured by analyzing Runx2-responsive (A) OSE2-luc activity and (B) OG2-luc activity (*P < 0.01). (C) MLK3-induced Runx2 mobility shift was 
assessed by SDS-PAGE and Western blotting after transfection of 293T cells with MLK3 and Myc-Runx2 (top). MLK3-induced Runx2 mobility 
shift was reversed by λ phosphatase (λ Ppase) (bottom). (D) MLK3, but not the kinase-inactive mutant MLK3-K144A, increases Runx2-respon-
sive OSE2-luc activity in a dose-dependent manner (*P < 0.01). (E) CDC42 can collaborate with MLK3 to increase Runx2-responsive OG2-luc 
activity (*P < 0.01). (F) FGD1, CDC42, and MLK3 can synergize to increase Runx2-responsive OG2-luc activity (*P < 0.01). (G) WT FGD1, but 
not FGD1 mutants, can increase Runx2-responsive OG2-luc activity.
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Figure 3
MLK3 promotes osteoblast differentiation through p38 and ERK MAPK. (A) Osteoblast differentiation was analyzed by ALP activity, determined 
by Fast Blue staining (top) and phosphatase substrate assay (bottom) after infection of hMSCs with indicated shRNA and MLK3 expression 
lentiviruses and subsequent culture for 7 days (*P < 0.01). Original magnification, ×400. (B) MLK3-enhanced osteoblast differentiation was 
evaluated by quantitative phosphatase substrate assay after treating MLK3 lentivirus–infected hMSCs with different inhibitors for 7 days under 
osteoblast differentiation conditions (*P < 0.01). (C) Differentiation was evaluated by Fast Blue staining for ALP activity after culture in osteoblast 
differentiation media for 7 days and Von Kossa staining for mineralization capacity after culture in osteoblast differentiation media for 18 days. 
Original magnification, ×400. (D) Schematic indicating the Runx2 phosphorylation sites identified by cotransfection of MLK3 and Myc-Runx2. 
ERK- and p38-mediated phosphorylation sites were identified by Ge et al. (31) and Greenblatt et al. (22), respectively. QA, polyglutamine, poly-
alanine domain; Runt, runt domain; PST, proline-serine-threonine rich domain. (E) Effects of MLK3 on WT Runx2 and Runx2-3A mutant (S28A, 
S301A, and S309A) were assessed by OSE2-luc activity (*P < 0.01).
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Knockin mice expressing a mutant MLK3 resistant to FGD1 activation 






































































Mlk3–/– mice display impaired skeletal mineralization and spontane-
ous tooth fracture. (A) Phosphorylation of p38, JNK, and ERK was 
evaluated by Western blot. Cell lysates were prepared from calvarial 
osteoblasts isolated from Mlk3–/– and control mice and were cultured 
for 6 days in vitro under osteoblast differentiation conditions. (B) Rep-
resentative 3D reconstructions of calvarial bone from 5-day-old and 
3-week-old Mlk3–/– mice and control WT mice. (C and D) μCT analysis 
of distal femurs from 3-week-old female Mlk3–/– mice and control mice. 
(C) Representative 3D reconstructions of distal femur trabecular bone 
and midshaft cortical bone. (D) Quantitative parameters were BV/TV 
(P < 0.005), trabecular number (Tb.N; P < 0.005), trabecular thick-
ness (Tb.Th; P = NS), and cortical thickness (C.Th; P = NS). (E) In 
situ hybridization for the indicated probes on proximal tibia of 5-day-
old Mlk3–/– and control mice. High-magnification insets are provided. 
Original magnification, ×100. (F) Von Kossa staining of proximal tibia 
from 3.5-week-old Mlk3–/– and control mice. Histomorphometric analy-
sis showed a decrease in BV/TV of 3.60% ± 0.67% for WT mice and 
1.78% ± 0.28% for Mlk3–/– mice (P < 0.05) and a decrease in trabecular 
number per mm of 1.48 ± 0.25 for WT mice and 0.75 ± 0.11 for Mlk3–/– 
mice (P < 0.05). Original magnification, ×40. (G) Representative 
fluorescent micrography pictures of Calcein/demeclocycline-labeled 
mineralization fronts in proximal tibiae bone from 3.5-week-old mice. 
Original magnification, ×400. (H) Quantification of bone formation rate 
(BFR, bone formation rate; BS, bone surface area), measured with 
calcein and demeclocycline double labeling (P = 0.021). (I) Represen-
tative pictures of 3- to 4-week-old Mlk3–/– and control mice, showing 
spontaneous fracture of the mandibular incisors.
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Mlk3m3cb mice demonstrate the physiologic relevance of the FGD1/
CDC42/MLK3 pathway. (A) FGD1-induced MLK3 T277/S281 phos-
phorylation was assessed by Western blot after transfection of 293T 
cells with indicated constructs, including WT MLK3 or MLK3 CRIB 
mutant (I492A, S493A). The expression of transfected protein was 
examined by Western blot as well. (B) The effects of FGD1, MLK3, and 
MLK3 CRIB mutant (I492A, S493A) on Runx2 activity were assessed 
by analyzing Runx2-responsive OG2-luc activity (*P < 0.01). (C) Rep-
resentative 3D reconstructions of calvarial bone from 4-day-old and 
4-week-old Mlk3m3cb mice and control WT mice. (D and E) μCT analy-
sis of distal femurs from 4-week-old male Mlk3m3cb mice and control 
mice (BV/TV, P < 0.01; trabecular thickness, P < 0.05; cortical thick-
ness, P < 0.01; trabecular number, P < 0.05). (D) Representative 3D 
reconstructions of distal femur trabecular bone and midshaft cortical 
bone. (E) Quantitative parameters were BV/TV, trabecular number, 
trabecular thickness, and cortical thickness. (F) In situ hybridization 
for the indicated probes on proximal tibia of 4-day-old Mlk3m3cb and 
control mice. High-magnification insets are provided. Original magnifi-
cation, ×100. (G) Representative pictures of the incisors of 4-week-old 
Mlk3m3cb and control mice, showing spontaneous fracture of the man-
dibular incisors. (H) Bone marrow stromal cells were isolated, cultured 
under differentiation conditions for 6 days, and stained for ALP activity 
(left). Alternatively, they were cultured for 21 days, and Von Kossa 
staining was performed for mineralization activity (right).
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genital dysplasia protein  (FGD1)  and Vav,  two 
related proteins required for normal embryonic 
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